We report evidence for the existence of a unique nucleus in the rat hypothalamus. This nerve cell group is situated in the interstitial area between the arcuate nucleus and ventromedial nucleus of the hypothalamus, and is primarily oriented sagittally, in a spindle shape. This nucleus was a well defined structure in Nissl-stained sections because of its location in an otherwise cell-poor zone. This sagittalis nucleus of the hypothalamus (SGN) exhibits significant sex differences in its volume and cell numbers, as defined by Nissl staining and estrogen receptor (ER) ␣ immunoreactivity (ir), being significantly larger in males than in females. Treatment of neonatal females with testosterone eliminated these sex differences. It is noteworthy that adult female rats have estrous cycle-related variations in the ER␣-ir cell distribution, decreasing during the proestrus phase of the cycle. Pharmacological experiments demonstrated that the single injection of estradiol benzoate had a significant effect on the ER␣-ir cell count, suggesting the hormonal responsiveness of SGN neurons. This unique hypothalamic nucleus with its morphological sex differences and hormonal responsiveness is embedded in a region important for the regulation of endocrine functions and sexual behaviors.
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sexual difference ͉ estrous cycle ͉ calbindinD-28k ͉ sagittalis nucleus A fter the comprehensive neuroanatomical charting of neurons expressing mRNAs for estrogen receptors (1) and subsequent estradiol binding (2) , it was assumed that the understanding of the neuroanatomy of estrogen action in the brain was fairly complete. Here, however, we have discerned a hitherto unrecognized cell group that expresses estrogen receptor (ER) ␣ and exhibits sex differences.
A number of important sex differences have already been described in the mammalian brain (3, 4) . Most of these are organized by the action of the gonadal steroids in the critical period: during the few days before to after birth in rodents (4) . In this period, an elevated amount of testosterone (T) is secreted from the male fetal testes and converted to estradiol (E) by the enzyme aromatase in the hypothalamus. Formation of E causes permanent masculinization of the brain (5). This masculinization is also experimentally induced in females by the administration of E in the critical period (3, 6) . These morphological sex differences in the brain are likely among the neuroanatomical mechanisms for the physiological sex differences in adult brain function (7, 8) .
At the age of puberty, the functional sex-related differences begin to appear, indicated by a sudden rise in the secretion of gonadotrophic hormones: luteinizing hormone (LH) and follicle-stimulating hormone, followed by an increase in gonadal steroids (9) . The gonadal steroids, particularly E, orchestrate the neuroendocrine circuits that coordinate sex-specific behaviors. This E signaling is importantly mediated by ERs (3), which are in fact abundant in the sexual dimorphic nuclei in the hypothalamus, such as the anteroventral periventricular nucleus and the sexual dimorphic nucleus of the preoptic area (SDN-POA) (7, 8) .
Here, we show the existence of a unique nucleus that we found unexpectedly in the interstitial area between the arcuate nucleus (ARC) and ventromedial nucleus of the hypothalamus (VMH), during an intensive observation of ER␣ immunostained sections. This nucleus contains a tightly packed ER␣-positive cell cluster and exhibits morphological sex differences in its structural and physiological aspects. This nucleus possessed an unusual character dynamic fluctuation in ER␣-immunoreactive (ir) cell numbers in response to the hormonal change during the estrous cycle. Ovariectomy and hormonal manipulation in adult females had a significant effect on the ER␣-ir cell numbers in this cell group. This recently defined nucleus is likely a critical target for the action of E, and has potential as a key component of neuronal circuits, essential for sex steroid-dependent functions and behaviors, such as food intake and reproduction.
Results
Identification of a Unique Hypothalamic Nucleus. We discovered a cluster of neurons in the rat hypothalamus, which have never been reported ( Fig. 1 A-C ). This nerve cell group was located in the interstitial area between the ARC and VMH, whose coordinates are between 865 m and 1,015 m (central point: 940 m) dorsal from the ventral surface of the brain, 300 m and 400 m (central point: 350 m) lateral from the third ventricle, and 1.70 mm and 2.30 mm (central point: 2.00 mm) posterior from Bregma (10) (Fig. 1 D-H) . The cluster was oval-shaped in the coronal section and spindle-shaped in the sagittal section (see Fig. 1 G and H) . In the sections stained with the antibody against ER␣ and also in the Nissl staining, the darkly stained neuronal group was easily distinguishable from the surrounding structures because it is uniquely present in a cell-poor zone (see Fig. 1 E-G). The area of the cluster could be divided into two subregions: dorsomedial (DM) and ventrolateral (VL) parts based on anatomical and biochemical features. The DM part contains neurons diffusely, whereas the VL part contains them in higher density, including ER␣-ir cells (see Fig. 1G ).
To determine whether the cluster of neurons is one of the discrete nuclei based on a unique population and distribution, we examined immunohistochemical analysis of ER␣ and several neuronal markers: calbindin-D28k and glutamic acid decarboxylase 67 (GAD67). Immunohistochemical staining for ER␣ revealed that the cluster consists of highly packed and intensely stained cells containing nuclei that are uniformly small and round in shape (see Fig. 1 B and C) . Because these morphological features of the nucleus were similar to those of SDN-POA, we examined the expression of calbindin-D28k, a marker of SDN-POA (11, 12) , at the site of the neuronal population. Confocal fluorescent microscopy with dual-immunofluorescence staining revealed that calbindin-D28k-ir neurons are distributed exclusively within the areas of the cluster of ER␣-containing neurons (Fig. 2 A-C) . Approximately 95% of calbi- ndin-D28k-ir neurons coexpressed ER␣ and 90% of ER␣-ir neurons coexpressed calbindin-D28k (Fig. 2 D-F) . After that, we also investigated the distribution of GAD67, a biosynthesizing enzyme of GABA, at the site of ER␣-containing cell cluster ( Fig.  2 G-I ). Approximately 40% of GAD67-ir neurons coexpressed ER␣ and 35% of ER␣-ir neurons coexpressed GAD67. Few double-labeled cells were observed in surrounding structures.
Additionally, we investigated the existence of adrenocorticotrophic hormone (ACTH) and neuropeptide Y (NPY), both of which have been thought to be abundant in the basal hypothalamic region, tyrosine hydroxylase (TH), a dopaminergic neuronal marker, and ER␤. In agreement with published data, ACTH-ir, and NPY-ir neurons were selectively distributed within the ARC region (13) , and TH-ir neurons were observed in the periventricular zone (14) . Neither these nor ER␤ were detected in this nucleus (data not shown). Based on these results, we realized that the cell cluster that we found is a discrete structure: namely, a previously unnoticed nucleus. On the sagittal plane, this nucleus lies along the ARC ''arch'' with a long, slender shape (see Fig. 1H ); hence, we chose the name ''sagittalis nucleus of the hypothalamus'' (SGN) to describe its positional and structural information.
Sex Difference and Estrous Cycle-Related Change in the Total ER␣-ir
Cell Number in SGN. We found a marked sex difference in ER␣-ir distribution within the VL part of SGN ( Fig. 3 A and B) . Moreover, we also noticed that there were estrous cycle-related variations within females ( Fig. 3 B-E). To evaluate the statistical sexual difference and changes in ER␣-ir distribution during the estrous cycle, the total ER␣-ir cell numbers were calculated from a series of ER␣ immunostained sections (Fig. 3H) . ER␣-ir cell numbers were significantly larger in intact males than in intact females in any estrous phase (main effect of hormone status; P Ͻ 0.01 intact versus proestrus, estrus, metestrus, and diestrus females). However, ovariectomy (OVX) treatment in adults eliminated the sex differences ( Fig. 3G ) and there were significant differences between OVX and intact females (main effect of hormone status; P Ͻ 0.01 OVX versus proestrus, estrus, metestrus, and diestrus females). Among female groups, ER␣-ir cell numbers were smallest in proestrus females (main effect of hormone status P Ͻ 0.05 proestrus versus metestrus females). Orchiectomy (ORX) in adult males had no effect on ER␣-ir in SGN (Fig. 3F) , and there were significant differences between ORX and intact females (main effect of hormone status; P Ͻ 0.01 ORX versus proestrus and estrus females).
Distribution Pattern of ER␣-ir Cells in SGN.
The number of ER␣-ir cells in each section was counted throughout the entire SGN using the complete series of sections. Each value was used for comparison of the distribution pattern of ER␣ between intact males (n ϭ 6), proestrus (n ϭ 7), estrus (n ϭ 7), and OVX females (n ϭ 6). In this analysis, females in each proestrus and estrus phase were selected as representatives of intact females, because the circulating level of E is highest in the proestrus and is lowest in the estrus phase during the estrous cycle (15) . The distribution pattern of ER␣-ir cells from rostral beginning to caudal end of SGN is shown in Fig. 4 . Significant differences were observed in the rostrocaudal extent of ER␣-ir distribution, which was more elongated in males than in females (main effect of sex; P Ͻ 0.01 males versus proestrus and estrus females; P Ͻ 0.05 male versus OVX). Among the female groups, significant differences were also detected between proestrus and estrus (main effect of hormone status; P Ͻ 0.05) and proestrus and OVX females (main effect of hormone status; P Ͻ 0.01). Three-Dimensional Reconstruction Imaging. Three-dimensional reconstruction imaging provided a visual representation of the entire shape of the ER␣-ir area of the SGN, permitting a rapid comparison. The SGN consisted of a rostrocaudally directed column of neurons that were situated lateral to the ARC. In supporting information (SI) Fig. S1 it clearly shows the sex difference in the shape and volume of the ER␣-ir area of SGN, which is more elongated in shape and greater in volume in males than in females.
The Measurement of the Area of SGN. We demonstrated that the SGN has sex differences and estrous cycle-related change at least in ER␣-ir; however, whether or not the SGN also exhibits sex difference and estrous cycle-related change in its volume or cell number is unknown. To determine this, we measured the size of the area and cell number of the SGN defined by Nissl staining. After that, the ER␣-ir area in the VL part of the SGN was measured in the same section (Fig. S2) . The area of the SGN in males was Ϸ1.7-fold larger than that of females, which was statistically significant (main effect of sex; P Ͻ 0.01 intact males versus proestrus and OVX females; P Ͻ 0.05 intact males and estrus females). There was no difference among the female groups (no effect of hormone status), indicating that the OVX in adult females has no effect on the gross area of the SGN (Fig.  5A) . ER␣-ir densely stained areas inside the VL part of SGN were also measured (see SI Text). The area was significantly larger in males than in females (main effect of hormone status; P Ͻ 0.01 male versus proestrus and estrus females). However, in contrast to the results obtained in measurement of the gross area of the SGN, OVX in adult females eliminated the sex difference (Fig. 5B) . Among female groups, significant differences were observed between proestrus and estrus females (main effect of hormone status; P Ͻ 0.05), and among OVX, proestrus, and estrus females (main effect of hormone status; P Ͻ 0.01). Additionally, Nissl-stained cell numbers were counted ( Fig. 5C and SI Text). The cells in the male SGN were Ϸ1.3-fold greater than those in females, which was statistically significant (main effect of sex; P Ͻ 0.01 intact males versus proestrus and OVX females; P Ͻ 0.05 intact males and estrus females). OVX in adult females had no effect on the Nissl-stained cell number in the SGN and there was no difference among the female groups (no effect of hormone status).
The Effect of the Hormone Manipulation in Females at Neonate.
Numerous studies have demonstrated that neonatal exposure to androgen causes masculinization of the female brain. Thus, to examine whether the administration of testosterone to newborn females can also masculinize the structure of the SGN, testosterone propionate (TP) (200 g/50 l of sesame oil) was s.c. injected into female pups within 24 h after birth. They were bred until adulthood and killed at the age of 10 weeks. The total numbers of ER␣-ir cells and the size of the SGN area in the TP-treated and the control females (s.c. injected with 50-l sesame oil) were compared (Fig. 6 ). TP-treatment at neonate had a significant effect on ER␣-ir cell numbers and the size of the SGN. ER␣-ir cell number in TP-treated females was Ϸ1.9-fold greater than in control females (P Ͻ 0.01) and was similar 
Fig. 2. Characterization of SGN. Confocal microscopic image of dual immunofluorescent labeling of ER␣ (green; A and D) and calbindin-D28k (red; B and E) in males. ER␣-immunolabeled cells have consistently small nuclei. SGN was densely stained with calbindin-D28k. Merged image (C and F) unveiled the discrete coexpression of ER␣ and calbindin-D28k in SGN (arrowheads). Although a few double-labeled cells were observed in ARC, it is limited to several neurons having large nuclei. Higher magnification images (D-F). (G and I) High magnification of confocal imaging of SGN showing that ER␣-ir (green; G) neurons are surrounded by GAD67-ir (red; H). Merged image is shown in (I)
.
-G) Representative images of ER␣-ir of SGN of intact males (A), proestrus females (B), estrus females (C), metestrus females (D), diestrus females (E), ORX males (F), and OVX females (G). (H) Variations in total number of ER␣-ir cells in SGN among intact males (n ϭ 7)
, proestrus females (n ϭ 7), estrus females (n ϭ 6), metestrus females (n ϭ 5), diestrus females (n ϭ 5), ORX males (n ϭ 5) and OVX females (n ϭ 6). Data are represented as the mean Ϯ SEM. †, P Ͻ 0.01 between intact males and intact females; ‡, P Ͻ 0.01 between OVX females and intact females; ** , P Ͻ 0.01; * , P Ͻ 0.05. Scale bar, 100 m.
to intact males. In addition, the size of the SGN was Ϸ2.5-fold greater in TP-treated females than in control females (P Ͻ 0.01).
Hormonal Manipulation of Adult Females. In female groups, ER␣-ir cell distribution and the cell numbers were fluctuated during the estrous cycle and sharply reduced at proestrus. Moreover, the OVX treatment in females dramatically increased in the ER␣-ir area and ER␣-ir cell number in the SGN, implicating hormone responsiveness. These results led us to hypothesize that the fluctuation in ER␣-ir cell counts reflects the cyclic oscillation in circulating E-levels in female rats. We investigated the E responsiveness of SGN neurons using pharmacological approaches. OVX rats received estradiol benzoate (EB) replacement (200 g/50 l of sesame oil) and were divided into seven groups: 6, 12, 24, 48, 72 and 168 h after administration (n ϭ 4 in each group) and the control group (50-l sesame oil injection), and the total ER␣-ir cell number was compared (Fig. 7) . EB replacement had rapid and specific effects on the reduction of ER␣-ir cells in OVX rats. ER␣-ir cell numbers were sharply reduced in the 6-h group and declined to a minimal level in the 12-h group, but raised again 24 to 72 h after injection in a time-dependent manner. At 168 h after injection, ER␣-ir cell numbers had completely recovered to the levels of the control group.
Discussion
Neuroanatomy of the hypothalamus in rat has been scrutinized intensively and yet we were able to indentify a previously undescribed region. The present study provides evidence for the existence of a unique hypothalamic nucleus, SGN, and its estrous cycle-related change in the rat brain. As noted below, this may be a physiologically important cell group because lesions of the VMH that have drastic effects on lordosis behavior, food intake, and aggression, usually extend beyond the borders of the VMH itself, and thus may owe part of their effects to the SGN described here. The SGN exhibited sex differences in two aspects. First, the regional size and cell numbers defined by Nissl staining were different between males and females, and significantly predominant in males. In general, these volumetric sex differences are established by exposure to T early in life. After exposure, programmed cell death (ie, apoptosis) directly regulates the organization of sex differences (4, 6) . Cell groups in which males have more neurons than females, such as SDN-POA, are commonly formed as a result of increased neuronal survival via neuroprotective effect against apoptosis in male rats (16) (17) (18) . It has been suggested that calbindin-D28k may contribute to the survival of SDN-POA neurons (18) . Because the SGN is also calbindin-D28k-abundant, it is predicted that sex differences in the SGN may be organized in the same manner as SDN-POA. Moreover, consistent with the evidence from research on SDN-POA, TP treatment administered to female pups enlarged the regional size and increased cell numbers in female SGN to a level consistent with that of normal males. This result suggests that T manipulation can masculinize the female SGN. Second, the SGN has physiological sex differences. ER␣-ir neurons were more abundant in the male SGN than in that of females, and its distribution area and rostrocaudal extents were also malepredominant. It is noteworthy that, in female rats, there was, nevertheless, no change in cell numbers and size of the SGN defined by Nissl staining; ER␣-ir cell numbers and distribution area of the SGN exhibited estrus-phase dependent fluctuation. These results indicate that the estrous cycle-related changes in ER␣-ir are a result of alternation in the ratio of the ER␣-ir cells in SGN. Although several studies using in situ hybridization and Western blotting have shown cyclic changes of ER␣ (19, 20) , such examinations were limited to detect changes at mRNA levels or protein levels in the whole of the hypothalamus or preoptic area. Estrous cycle-related change of ER␣-ir in a small group of dopamine neurons in ARC was demonstrated (14) . The current study evaluated dynamic fluctuation in the greater part of ER␣-ir neurons in the SGN during the estrous cycle.
ER␣-ir in the SGN was significantly lower during the proestrus phase. In contrast, ER␣-ir was dramatically increased by OVX treatment. The circulating E levels are elevated in the proestrus phase of the cycle (15); hence, it seems that the classic negative feedback on ER␣ might occur in this region. Therefore, it could be predicted that a high-dose of E replacement reduces ER␣-ir cell numbers in OVX females. EB replacement of OVX females, indeed, had a significant effect: the reduction of ER␣-ir cells. Modulatory effect of acute E treatment on the ER␣ mRNA levels in the mediobasal hypothalamus of OVX females has been reported (21) . In the current study, acute EB replacement also reduced ER␣-ir in SGN of OVX females. Although a classic negative feedback to ER␣-ir in the brain has been demonstrated with sustained E exposure using capsule or daily injection (22, 23) , this report is unique in its demonstration of the acute modulatory effect of E on ER␣-ir, suggesting the sensitivity of SGN to E. It has been suggested that the reduction of ER␣-ir can be a result of ligand-induced immunoreactivity loss, if a specific antibody is used directly against the ligand binding domain of ER␣ (24) . However, we have reduced the chance of this mechanism by careful selecting an antibody directed against the amino acids 580-599, an epitope in F domain near the C-terminals of the ER␣. Considering the half-life of ER␣ protein is 2 to 4 h, and the evidence for the acute effect of E on ER␣ mRNA levels, the reduction of ER␣-ir may reflect E-induced down-regulation of ER␣ mRNA (21) .
Several neurotransmitters and receptors exhibiting sexual dimorphisms in ARC and its surroundings, such as noradrenalin, galanin, NPY, neurotensin, ␤-endorphin, glutamate, proopiomelanocortin, and leptin receptors have been reported to show estrous cycle-related changes (14, (25) (26) (27) (28) (29) . These molecules have been thought to contribute to energy homeostasis and reproductive functions. Because the SGN is embedded in a functionally significant region, it should have the potential to play an important role in these neuronal regulations (see SI Text).
Materials and Methods
Animals. Adult male (n ϭ 35), female (n ϭ 58) and pregnant female (n ϭ 2) Wistar rats purchased from a commercial source (Shimizu Laboratory Supplies Co. Ltd.) were housed in plastic cages with standard bedding and with water and food continuously available. The temperature of the colony was maintained at 22°C with a 12:12 light:dark cycle (06:00 lights on, 18:00 lights off). Animals were allowed at least 1 week to acclimate to the colony before any procedures were performed. Animal care, maintenance and surgery were in accordance with the Rules and Regulations of Animal Research, Kyoto Prefectural University of Medicine.
ORX and OVX. Intact male (n ϭ 6) and female (n ϭ 34) rats were deeply anesthetized with 2% isoflurane and sodium pentobarbital (100 mg/kg i.p.), and ORX or OVX was performed. Three weeks after gonadectomy, they were used for the experiments.
Stereotaxic Surgery. Details of stereotaxic surgery is described in the SI Text.
Neonatal Treatment. Female pups were treated with subcutaneous injections of TP (200-g/50 l of sesame oil) or 50-l sesame oil within 24 h after birth. All pups in a litter were given the same treatment and were kept separate from other treatment groups. The pups were weaned on day 25, and housed in the cage with same-sex littermates until adulthood, then killed at 10 weeks old.
Hormonal Manipulation in OVX Females in Adults. OVX females were s.c. injected with estradiol benzoate (EB, 20-g/100 ml of sesame oil n ϭ 28) or 100-l sesame oil at noon on 3 weeks postgonadectomy, respectively. EB injected females were killed 6, 12, 24, 48, 72 and 168 h (n ϭ 4) after EB injection, respectively. At designated times, the rats were deeply anesthetized with a lethal dose of sodium pentobarbital (150 mg/kg i.p.) and 2% isoflurane, and these rats were used for the immunohistochemcal staining with ER␣.
Tissue Preparation. Detail of the tissue preparation is described in the SI Text.
Antibodies. Rabbit polyclonal antibody to ER␣ (MC-20, Santa Cruz Biotechnology) (30, 31) was used with a dilution of 1:2,000. The specificity of this antibody was confirmed by the preabsorption tests with the blocking peptide (Santa Cruz Biotechnology) (see SI Text and Fig. S3) . Importantly, virtually all of the distribution pattern of the ER␣-ir in the hypothalamic region and limbic systems observed in our study correspond to that of ER␣ mRNA in published work (1) . The other antibodies were described in the SI Text.
Quantitative Analysis. ER␣ immunostained sections were used for quantitative analysis. The total number of ER␣-ir cells was evaluated sequentially; sections through the entire SGN were taken from Ϫ1.53 to Ϫ3.83 mm posterior to Bregma. Moreover, sections double-stained for ER␣ and Nissl staining were used for the measurement of the size of the SGN and the number of total cells. 
